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Flavour Physics in the LHC Era
Tim Gershon
Abstract These lectures give a topical review of heavy flavour physics, in particular
CP violation and rare decays, from an experimental point of view. They describe
the ongoing motivation to study heavy flavour physics in the LHC era, the current
status of the field emphasising key results from previous experiments, some selected
topics in which new results are expected in the near future, and a brief look at future
projects.
1 Introduction
The concept of “flavour physics” was introduced in the 1970s [1]
The term flavor was first used in particle physics in the context of the quark model of
hadrons. It was coined in 1971 by Murray Gell-Mann and his student at the time, Harald
Fritzsch, at a Baskin-Robbins ice-cream store in Pasadena. Just as ice cream has both color
and flavor so do quarks.
Leptons also come in different flavours, and flavour physics covers the properties of
both sets of fermions. Counting the fundamental parameters of the Standard Model
(SM), the 3 lepton masses, 6 quark masses and 4 quark mixing (CKM) matrix [2,3]
parameters are related to flavour physics. In case neutrino masses are introduced,
the new parameters (at least 3 more masses and 4 more mixing parameters) are also
related to flavour physics. This large number of free parameters is behind several of
the mysteries of the SM:
• Why are there so many different fermions?
• What is responsible for their organisation into generations / families?
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2 Tim Gershon
• Why are there 3 generations / families each of quarks and leptons?
• Why are there flavour symmetries?
• What breaks the flavour symmetries?
• What causes matter – antimatter asymmetry?
Unfortunately these mysteries will not be answered in these lectures – they are
mentioned here simply because it is important to bear in mind their existence. In-
stead the focus will be on specific topics in the flavour-changing interactions of the
charm and beauty quarks,1 with occasional digressions on related topics.
While our main interest is in the properties of the charm and beauty quarks,
due to the strong interaction, experimental studies must be performed using one or
more of the many different charmed or beautiful hadrons. These can decay to an
even larger multitude of different final states, making learning the names of all the
hadrons a big challenge for flavour physicists. Moreover, hadronic effects can often
obscure the underlying dynamics. Nevertheless, it is the hadronisation that results
in the very rich phenomenology that will be discussed, so one should bear in mind
that [4]
The strong interaction can be seen either as the “unsung hero” or the “villain” in the story
of quark flavour physics.
2 Motivation to study heavy flavour physics in the LHC era
There are two main motivations for ongoing experimental investigations into heavy
flavour physics: (i) CP violation and its connection to the matter-antimatter asym-
metry of the Universe; (ii) discovery potential far beyond the energy frontier via
searches for rare or SM forbidden processes. These will be discussed in turn below.
First let us consider one of the mysteries listed above (What breaks the flavour
symmetries?) to see how it is connected to these motivations. In the SM, the vac-
uum expectation value of the Higgs field breaks the electroweak symmetry. Fermion
masses arise from the Yukawa couplings of the quarks and charged leptons to
the Higgs field, and the CKM matrix arises from the relative misalignment of the
Yukawa matrices for the up- and down-type quarks. Consequently, the only flavour-
changing interactions are the charged current weak interactions. This means that
there are no flavour-changing neutral currents (the GIM mechanism [5]), a feature
of the SM which is not generically true in most extended theories. Flavour-changing
processes provide sensitive tests of this prediction; as an example, many new physics
(NP) models induce contributions to the µ → eγ transition at levels close to (or
even above!) the current experimental limit, recently made more restrictive by the
MEG experiment [6],B(µ+→ e+γ)< 5.7×10−13 at 90% confidence level (CL).
Improved experimental reach in this and related charged lepton flavour violation
1 It is one of the peculiarities of our field that “heavy flavour physics” does not include discussion
of the heaviest flavoured particle, the top quark.
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searches therefore provides interesting and unique NP discovery potential (for a re-
view, see, e.g., Ref. [7]).
2.1 CP violation
As mentioned above, the CKM matrix arises from the relative misalignment of the
Yukawa matrices for the up- and down-type quarks:
VCKM =UuU
†
d , (1)
where Uu and Ud diagonalise the up- and down-type quark mass matrices respec-
tively. Hence, VCKM is a 3× 3 complex unitary matrix. Such a matrix is in general
described by 9 (real) parameters, but 5 can be absorbed as unobservable phase dif-
ferences between the quark fields. This leaves 4 parameters, of which 3 can be ex-
pressed as Euler mixing angles, but the fourth makes the CKM matrix complex –
and hence the weak interaction couplings differ for quarks and antiquarks, i.e. CP
violation arises.
The expression “CP violation” refers to the violation of the symmetry of the com-
bined C and P operators, which replace particle with antiparticle (charge conjuga-
tion) and invert all spatial co-ordinates (parity) respectively. Therefore CP violation
provides absolute discrimination between particle and antiparticle: one cannot sim-
ply swap the definition of which is called “particle” with a simultaneous redefinition
of left and right.2 There is a third discrete symmetry, time reversal (T ), and it is im-
portant to note that there is a theorem that states that CPT must be conserved in any
locally Lorentz invariant quantum field theory [11]. Therefore, under rather reason-
able assumptions, an observation ofCP violation corresponds to an observation of T
violation, and vice versa. Nonetheless, it remains of interest to establish T violation
without assumptions regarding other symmetries [12, 13].
The four parameters of the CKM matrix can be expressed in many differ-
ent ways, but two popular choices are the Chau-Keung (PDG) parametrisation –
(θ12,θ13,θ23,δ ) [14] – and the Wolfenstein parametrisation – (λ ,A,ρ,η) [15]. In
both cases a single parameter (δ or η) is responsible for all CP violation. This en-
capsulates the predictivity that makes the CKM theory such a remarkable success: it
describes a vast range of phenomena at many different energy scales, from nuclear
beta transitions to single top quark production, all by only four parameters (plus
hadronic effects).
Let us digress a little into history. In 1964, CP violation was discovered in the
kaon system [16], but it was not until 1973 that Kobayashi and Maskawa proposed
that the effect originated from the existence of three quark families [3]. On a shorter
time-scale, in 1967 Sakharov noted that CP violation was one of three conditions
2 The importance ofCP violation in this regard was noted by Landau [8] following the observation
of parity violation [9, 10].
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necessary for the evolution of a matter-dominated universe, from a symmetric initial
state [17]:
1. baryon number violation,
2. C and CP violation,
3. thermal inequilibrium.
This observation evokes the prescient concluding words of Dirac’s 1933 Nobel lec-
ture, discussing his successful prediction of the existence of antimatter, in the form
of the positron [18]:
If we accept the view of complete symmetry between positive and negative electric charge
so far as concerns the fundamental laws of Nature, we must regard it rather as an accident
that the Earth (and presumably the whole solar system), contains a preponderance of neg-
ative electrons and positive protons. It is quite possible that for some of the stars it is the
other way about, these stars being built up mainly of positrons and negative protons. In fact,
there may be half the stars of each kind. The two kinds of stars would both show exactly the
same spectra, and there would be no way of distinguishing them by present astronomical
methods.
Dirac was not aware of the existence of CP violation, that breaks the complete sym-
metry of the laws of Nature. Moreover, modern astronomical methods do allow to
search for antimatter dominated regions of the Universe, and none have been ob-
served (though searches, for example by the PAMELA and AMS experiments, are
ongoing). Therefore, CP violation appears to play a crucial role in the early Uni-
verse.
We can illustrate this with a simple exercise. Suppose we start with equal
amounts of matter (X) and antimatter (X¯). The matter X decays to final state A (with
baryon number NA) with probability p and to final state B (baryon number NB) with
probability (1− p). The antimatter, X¯ , decays to final state A¯ (with baryon number
−NA) with probability p¯ and final state B¯ (baryon number −NB) with probability
(1− p¯). The resulting baryon asymmetry is
∆Ntot = NAp+NB(1− p)−NA p¯−NB(1− p¯) = (p− p¯)(NA−NB) .
So clearly ∆Ntot 6= 0 requires both p 6= p¯ and NA 6= NB, i.e. both CP violation and
baryon number violation.
It is natural to next ask whether the magnitude of the baryon asymmetry of the
Universe could be caused by theCP violation in the CKM matrix. The baryon asym-
metry can be quantified relative to the number of photons in the Universe,
∆NB/Nγ = (N(baryon)−N(antibaryon))/Nγ ∼ 10−10 .
This can be compared to a dimensionless and parametrisation invariant measure of
the amount of CP violation in the SM, J×Pu×Pd/M12, where
• J = cos(θ12)cos(θ23)cos2(θ13)sin(θ12)sin(θ23)sin(θ13)sin(δ ) ,
• Pu = (m2t −m2c)(m2t −m2u)(m2c−m2u),
• Pd = (m2b−m2s )(m2b−m2d)(m2s −m2d),
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• and M is the relevant scale, which can be taken to be the electroweak scale,
O(100GeV).
The parameter J is known as the Jarlskog parameter [19], and is expressed above
in terms of the Chau-Keung parameters. Putting all the numbers in, we find a value
for the asymmetry of ∼ 10−17, much below the observed 10−10. This is the origin
of the widely accepted statement that the SM CP violation is insufficient to explain
the observed baryon asymmetry of the Universe. Note that this occurs primarily
not because J is small, but rather because the electroweak mass scale is far above
the mass of most of the quarks. Therefore, to explain the baryon asymmetry of
the Universe, there must be additional sources of CP violation that occur at high
energy scales. There is, however, no guarantee that these are connected to the CP
violation that we know about. The new sources may show up in the quark sector
via discrepancies with CKM predictions (as will be discussed below), but could
equally appear in the lepton sector as CP violation in neutrino oscillations. Or, for
that matter, new sources could be flavour-conserving and be found in measurements
of electric dipole moments, or could be connected to the Higgs sector, or the gauge
sector, or to extra dimensions, or to other NP. In any case, precision measurements
of flavour observables are generically sensitive to additions to the SM, and hence
are well-motivated.
In this context, it is worth noting the enticing possibility of “leptogenesis”, where
the baryon asymmetry is created via a lepton asymmetry (see, e.g., Ref. [20] for a
review). In the case that neutrinos are Majorana particles – i.e. they are their own
antiparticles – the right-handed neutrinos may be very massive, which provides an
immediate connection with the needed high energy scale. Experimental investiga-
tion of this concept requires the determination of the lepton mixing (PMNS) [21,22]
matrix, and proof whether or not neutrinos are Majorana particles. The recent de-
termination of the neutrino mixing angle θ13 [23, 24] provides an important step
forward; the next challenges are to establish CP violation in neutrino oscillations
and to observe (or limit) neutrinoless double beta decay processes.
2.2 Rare processes
We have already digressed into history, and we should avoid doing so too much, but
it is striking how often NP has shown up at the precision frontier before “direct” dis-
coveries at the energy frontier. Examples include: the GIM mechanism being estab-
lished before the discovery of charm; CP violation being discovered and the CKM
theory developed before the discovery of the bottom and top quarks; the observa-
tion of weak neutral currents before the discovery of the Z boson. In particular, loop
processes are highly sensitive to potential NP contributions, since SM contributions
are suppressed or absent.
As a specific example of this we can consider the loop processes involved in os-
cillations of neutral flavoured mesons. (Rare decay processes will be discussed in
more detail below.) There are four such pseudoscalar particles in nature (K0, D0, B0
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and B0s ) which can oscillate into their antiparticles via both short-distance (disper-
sive) and long-distance (absorptive) processes, as illustrated in Fig. 1. Representing
such a meson generically by M0, the evolution of the particle-antiparticle system is
given by the time-dependent Schro¨dinger equation,
i
∂
∂ t
(
M0
M¯0
)
=
(
M− i
2
Γ
)(
M0
M¯0
)
, (2)
where the effective3 Hamiltonian H =M− i2Γ is written in terms of 2×2 Hermitian
matrices M andΓ . Note that theCPT theorem requires that M11 =M22 andΓ11 =Γ22,
i.e. that particle and antiparticle have identical masses and lifetimes.
Fig. 1 Illustrative diagrams of (left) short-distance (dispersive) processes in B0s mixing; (right)
long-distance (absorptive) processes in K0 mixing.
The physical states are eigenstates of the effective Hamiltonian, and are written
ML,H = pM
0±qM¯0 , (3)
where p and q are complex coefficients that satisfy |p|2+ |q|2 = 1. Here the subscript
labels L and H distinguish the eigenstates by their nature of being lighter or heavier;
in some systems the labels S and L are instead used for short-lived and long-lived
respectively (the choice depends on the values of the mass and width differences;
the labels 1 and 2 are also sometimes used, usually to denote the CP eigenstates).
CP is conserved (in mixing) if the physical states correspond to the CP eigenstates,
i.e. if |q/p|= 1. Solving the Schro¨dinger equation gives(
q
p
)2
=
M∗12− i2Γ ∗12
M12− i2Γ12
, (4)
with eigenvalues given by λL,H = mL,H − i2ΓL,H = (M11 − i2Γ11)± (q/p)(M12 −
i
2Γ12), corresponding to mass and width differences ∆m = mH −mL and ∆Γ =
ΓH−ΓL given by
(∆m)2− 1
4
(∆Γ )2 = 4(|M12|2+
1
4
|Γ12|2) , (5)
3 The complete Hamiltonian would include all possible final states of decays of M0 and M¯0.
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∆m∆Γ = 4Re(M12Γ
∗
12) . (6)
Note that with this notation, which is the same as that of Ref. [25], ∆m is positive
by definition while ∆Γ can have either sign.4
Rather than going into the details of the formalism (which can be found in, e.g.,
Ref. [27]) let us instead take a simplistic picture.
• The value of ∆m depends on the rate of the mixing diagram of Fig. 1(left). This
depends on CKM matrix elements, together with various other factors that are
either known or (in the case of decay constants and bag parameters) can be cal-
culated using lattice QCD. Moreover for the B mesons, these other factors can
be made to cancel in the ∆md/∆ms ratio, such that the measured value of this
quantity gives a theoretically clean determination of |Vtd/Vts|2.
• The value of ∆Γ , on the other hand, depends on the widths of decays of the me-
son and antimeson into common final states (such as CP-eigenstates). Therefore,
∆Γ is large for the K0 system, where the two pion decay dominates, small for
D0 and B0 mesons, where the most favoured decays are to flavour-specific or
quasi-flavour-specific final states, and intermediate in the B0s system.
• Finally CP violation in mixing tends to zero (i.e. q/p ≈ 1) if arg(Γ12/M12) = 0,
M12 Γ12 or M12 Γ12.
This simplistic picture is sufficient to explain qualitatively the experimental val-
ues of the mixing parameters given in Table 1. It should be noted that ∆Γ (B0s ) has
become well-measured only very recently (as discussed below), and that the experi-
mental sensitivity for theCP violation parameters in all of the D0, B0 and B0s systems
is still far from that of the SM prediction, making improved measurements very well
motivated.
Table 1 Qualitative expectations and measured values for the neutral meson mixing parameters.
Experimental results are taken from Refs. [28–30]. The definition of asl is given in footnote 6.
∆m ∆Γ |q/p|
(x= ∆m/Γ ) (y= ∆Γ /(2Γ ))) (asl ≈ 1−|q/p|2)
K0 large ∼ maximal small
∼ 500 ∼ 1 (3.32±0.06)×10−3
D0 small small small
(0.63±0.19)% (0.75±0.12)% 0.52+0.19−0.24
B0 medium small small
0.770±0.008 0.008±0.009 −0.0003±0.0021
B0s large medium small
26.49±0.29 0.075±0.010 −0.0109±0.0040
4 With the definition given, ∆Γ is predicted to be negative for B0 and B0s mesons in the SM, and
hence the sign-flipped definition is often encountered in the literature, e.g. in Ref. [26].
8 Tim Gershon
Thus, neutral meson oscillations are rare processes described by parameters that
can be both predicted in the SM and measured experimentally. All measurements
to date are consistent with the SM predictions (though see below). These results
can then be used to put limits on non-SM contributions. This can be done within
particular models, but the model-independent approach, described in, e.g., Ref. [31]
is illustrative. The NP contribution is expressed as a perturbation to the SM La-
grangian,
Leff =LSM+Σ
c(d)i
Λ d−4
Odi (SM fields) , (7)
where the dimension d of higher than 4 has an associated scaleΛ and couplings ci.
5
Given the observables in a given neutral meson system, NP contributions described
effectively as four-quark operators (d = 6) can be constrained, either by putting
bounds on Λ for a fixed value of ci (typically 1), or by putting bounds on ci for
a fixed value of Λ (typically 1TeV). In the former case bounds of O(100TeV) are
obtained; in the latter case the bounds can be O(10−9) or below [31], with the
strongest (weakest) bounds being in the K0 (B0s ) sectors. A similar analysis, but
with more up-to-date inputs has been performed in Ref. [32], with results illustrated
in Fig. 2. The mixing amplitude, normalised to its SM value, is denoted by ∆ , and
experimental constraints give (Re∆ , Im∆) consistent with (1,0) (i.e. with the SM)
for both B0 and B0s systems.
Fig. 2 Constraints on NP contributions in (left) B0 and (right) B0s mixing [32].
This is a very puzzling situation. Limits on the NP scale give values of at least
100TeV for generic couplings. But, as discussed elsewhere, we expect NP to appear
at the TeV scale to solve the hierarchy problem (and to provide a dark matter can-
didate, etc.) If NP is indeed at this scale, NP flavour-changing couplings must be
small. But why? This is the so-called “new physics flavour problem”.
5 In Eq. (7) it is assumed that the NP modifies the SM operators; more generally extensions to the
operator basis are also possible.
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A theoretically attractive solution to this problem, known as minimal flavour vi-
olation (MFV) [33], exploits the fact that the SM flavour-changing couplings are
also small. Therefore, if there is a perfect alignment of the flavour violation in a NP
model with that in the SM, the tension is reduced. The MFV paradigm is highly
predictive, stating that there are no new sources of CP violation and also that the
correlations between certain observables share their SM pattern (the ratio of branch-
ing fractions of B0 → µ+µ− and B0s → µ+µ− being a good example). Therefore,
once physics beyond the SM is discovered, it will be an important goal to estab-
lish whether or not it is minimally flavour violating. This further underlines that the
flavour observables carry information about physics at very high scales.
Nonetheless, it must be reiterated that there are several important observables that
are not yet well measured, and that could rule out MFV. For example, the bounds
on NP scales obtained above (from Ref. [31]) do not include results on CP viola-
tion in mixing in the B0 and B0s sectors. In fact, the D0 collaboration has reported a
measurement of an anomalous effect [34] of the inclusive same-sign dimuon asym-
metry, which is 3.9σ away from the SM prediction (of very close to zero [35]). This
measurement is sensitive to an approximately equal combination of the parameters
of CP violation in B0 and B0s mixing, a
d
sl and a
s
sl,
6 however some sensitivity to the
source of the asymmetry can be obtained by applying additional constraints on the
impact parameter to obtain a sample enriched in either oscillated B0 or B0s candi-
dates. In addition, adsl and a
s
sl can be measured individually. The latest world aver-
age, shown in Fig. 3, gives adsl = −0.0003± 0.0021, assl = −0.0109± 0.0040 [30].
Improved measurements are needed to resolve the situation.
)0(BSLA
-0.02 -0.01 0 0.01
)
s0
(B
SL
A
-0.03
-0.02
-0.01
0
0.01
)
s0
(B
SL
A
HFAG
Fall 2012
 = 12χ ∆
Fig. 3 World average of constraints on the parameters describingCP violation in B0 and B0s mixing,
adsl and a
s
sl. The green ellipse comes from the D0 inclusive same-sign dimuon analysis [34]; the blue
shaded bands give the world average constraints on adsl and a
s
sl individually; the red ellipse is the
world average including all constraints [30].
6 The asl parameters, so named because the asymmetries are measured using semileptonic decays,
are related to the p and q parameters by asl = (1−|q/p|4)/(1+ |q/p|4).
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3 Current experimental status of heavy quark flavour physics
3.1 The CKM matrix and the Unitarity Triangle
Much of the experimental programme in heavy quark flavour physics is devoted to
measurements of the parameters of the CKM matrix. As discussed above, the CKM
matrix can be written in terms of the Wolfenstein parameters, which exploit the
observed hierarchy in the mixing angles:
VCKM =
Vud Vus VubVcd Vcs Vcb
Vtd Vts Vtb

=
 1−λ 2/2 λ Aλ 3(ρ− iη)−λ 1−λ 2/2 Aλ 2
Aλ 3(1−ρ− iη) −Aλ 2 1
+O (λ 4) , (8)
where the expansion parameter λ is the sine of the Cabibbo angle (λ = sinθC ≈
Vus). It should be noted that although the hierarchy is highly suggestive, there is no
underlying reason known for this pattern; moreover, the pattern in the lepton sector
is completely different. Note also that at O(λ 3) in the Wolfenstein parametrisation,
the complex phase in the CKM matrix enters only in the Vub and Vtd (top right and
bottom left) elements, but this is purely a matter of convention – only relative phases
are observable.
The unitarity of the CKM matrix, V †CKMVCKM = VCKMV
†
CKM = 1, puts a number
of constraints on the magnitudes and relative phases of the elements. Among these
relations, one which has been precisely tested is
|Vud |2+ |Vus|2+ |Vub|2 = 1 , (9)
where the measurements of |Vud |2 from, e.g., super-allowed β decays and |Vus|2 from
leptonic and semileptonic kaon decays are indeed consistent with the prediction to
within one part in 103 [36].7
The unitarity condition also results in six constraints, ΣiVuid jV
∗
uidk =ΣiVu jdiV
∗
ukdi =
0 (ui, j,k ∈ (u,c, t), di, j,k ∈ (d,s,b), j 6= k), for example
VudV
∗
ub+VcdV
∗
cb+VtdV
∗
tb = 0 , (10)
which correspond to three complex numbers summing to zero, and hence can be
represented as triangles in the complex plane. The triangles have very different
shapes, but all of them have the same area, which is given by half of the Jarlskog
parameter [19]. The specific triangle relation given in Eq. (10) is particularly useful
to visualise the constraints from various different measurements, as shown in the
7 The contribution from |Vub|2 is at the level of 10−5 and therefore negligible for this test at current
precision.
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iconic images from the CKMfitter [37] and UTfit [38] collaborations, reproduced in
Fig. 4. Conventionally, this “Unitary Triangle” (UT) is rescaled byVcdV
∗
cb so that by
definition the position of the apex is
ρ¯+ iη¯ ≡−VudV
∗
ub
VcdV
∗
cb
, (11)
where (ρ,η) [39] are related to the Wolfenstein parameters by
ρ+ iη =
√
1−A2λ 4(ρ¯+ iη¯)√
1−λ 2
[
1−A2λ 4(ρ¯+ iη¯)
] . (12)
Fig. 4 Constraints on the Unitarity Triangle as compiled by (left) CKMfitter [37], (right) UT-
fit [38].
Two popular naming conventions for the UT angles exist in the literature:
α ≡ φ2 = arg
[
− VtdV
∗
tb
VudV
∗
ub
]
, β ≡ φ1 = arg
[
−VcdV
∗
cb
VtdV
∗
tb
]
, γ ≡ φ3 = arg
[
−VudV
∗
ub
VcdV
∗
cb
]
.
(13)
The (α,β ,γ) set is used in these lectures. The lengths of the sides Ru and Rt of the
UT are given by
Ru =
∣∣∣∣VudV ∗ubVcdV ∗cb
∣∣∣∣=√ρ2+η2 , Rt = ∣∣∣∣VtdV ∗tbVcdV ∗cb
∣∣∣∣=√(1−ρ)2+η2 . (14)
A major achievement of the past decade or so has been to significantly improve
the precision of the parameters of the UT. In particular, the primary purpose of the
so-called “B factory” experiments, BaBar and Belle, was the determination of sin2β
using B0→ J/ψK0S (and related modes). This was carried out using completely new
experimental techniques to probe CP violation in a very different way to previous
experiments in the kaon system. In particular, if we denote the amplitude for a B0
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meson to decay to a particular final state f as A f , and that for the charge conjugate
process as A¯ f¯ , then using the parameters p and q from Eq. (3), we define the param-
eter λ f =
q
p
A¯ f¯
A f
and the following categories of CP violation in hadronic systems:8
1. CP violation in mixing (|q/p| 6= 1),
2. CP violation in decay (
∣∣∣A¯ f¯ /A f ∣∣∣ 6= 1),
3. CP violation in interference between mixing and decay (Im
(
λ f
) 6= 0).
Additionally, in the literature the concepts of indirect and direct CP violation are
often encountered: the former is where the effect is consistent with originating from
a single phase in the mixing amplitude, while the latter cannot be accounted for in
such a way. Following this categorisation, CP violation in decay (the only category
available to baryons or charged mesons) is direct, while CP violation in mixing
and interference can be indirect so long as only one measurement is considered –
but if two such measurements give different values, this also establishes direct CP
violation.
3.2 Determination of sin(2β )
The determination of sin(2β ) from B0→ J/ψK0S [40,41], exploits the fact that some
measurements of CP violation in interference between mixing and decay can be
cleanly interpreted theoretically, since hadronic factors do not contribute. The full
derivation of the decay-time-dependent decay rate of B0 mesons to a CP eigenstate
f is a worthwhile exercise for the reader, and can be found in, e.g., Refs. [42, 43].
The result, for mesons that are known to be either B0 or B0 at time t = 0, is
Γ (B0phys→ f (t)) =
e−t/τ(B
0)
2τ(B0)
[
1+S f sin(∆mt)−C f cos(∆mt)
]
,
Γ (B0phys→ f (t)) =
e−t/τ(B
0)
2τ(B0)
[
1−S f sin(∆mt)+C f cos(∆mt)
]
, (15)
where
S f =
2Im(λ f )
1+ |λ f |2
, and C f =
1−|λ f |2
1+ |λ f |2
. (16)
In these expressions ∆Γ has been assumed to be negligible, as appropriate for the
B0 system. Assuming further |q/p|= 1, then for decays dominated by a single am-
plitude, C f = 0 and S f = sin(arg(λ f )), and so for B
0 → J/ψK0S , S = sin(2β ), to a
very good approximation.
8 Considering the possibility thatCP violation may be observed in the lepton sector as differences
of oscillation parameters between neutrinos and antineutrinos (in appearance experiments), it is
worth noting that this would be another different category.
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The experimental challenge for the measurement of sin(2β ) then lies in the
ability to measure the coefficient of the sinusoidal oscillation of the decay-time-
asymmetry. Until recently, the most copious sources of cleanly reconstructed B
mesons came from accelerators colliding electrons with positrons at the ϒ (4S) res-
onance (a bb¯ bound state just above the threshold for decay into pairs of B mesons).
For symmetric colliders, the B mesons are produced at rest, and therefore lifetime
measurements are not possible. A boost is necessary, which can be advantageously
achieved by making the e+e− collisions asymmetric.9 One strong feature of this ap-
proach is that the quantum correlations of the B mesons produced in ϒ (4S) decay
are retained, so that the decay of one into a final state that tags its flavour (B0 or B0)
can be used to set the clock to t = 0 and specify the flavour of the other at that time.
The concept of the asymmetric B factory was such a good one that two were
built: PEP-II at SLAC, colliding 9.0GeV e− with 3.1GeV e+, and KEKB at KEK
(8.0GeV e− on 3.5GeV e+). These have achieved world record luminosities, with
peak instantaneous luminosities above 1034 cm−2 s−1, and a combined data sample
of over 1 ab−1, corresponding to over 109 BB¯ pairs. The detectors (BaBar [44, 45]
and Belle [46] respectively) share many common features, such as silicon vertex de-
tectors, gas based drift chambers, electromagnetic calorimeters based on Tl-doped
CsI crystals, and 1.5T solenoidal magnetic fields. The main difference is in the tech-
nology used to separate kaons from pions: a system based on the detection of inter-
nally reflected Cherenkov light for BaBar, and a combination of aerogel Cherenkov
counters and a time-of-flight system for Belle.
Through the measurement of sin2β , BaBar [47] and Belle [48] were able to
make the first observations of CP violation outside the kaon sector, thus validat-
ing the Kobayashi-Maskawa mechanism. The latest (and, excluding upgrades, most
likely final) results from BaBar [49] and Belle [50] shown in Fig. 5 give a clear
visual confirmation of the large CP violation effect. The world average value, using
determinations based on b→ cc¯s transitions, is [30]
sin2β = 0.682±0.019 which gives β = (21.5+0.8−0.7)◦ . (17)
3.3 Determination of α
Additional measurements are needed to over-constrain the UT and thereby test the
Standard Model. The angle α can, in principle, be determined in a similar way as β ,
but using a decay mediated by the b→ uu¯d tree-diagram which carries the relative
weak phase γ (since pi− (β + γ) = α by definition). However, in any such decay a
contribution from the b→ d loop (“penguin”) amplitude, which carries a different
weak phase, is also possible. This complicates the interpretation of the observables,
since S 6= sin(2α); on the other hand direct CP violation becomes observable, if
the relative strong phase is non-zero. Constraints on α can still be obtained using a
9 Boosted b hadrons can also be obtained in hadron colliders, as will be discussed below.
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Fig. 5 Results from (left) BaBar [49] and (right) Belle [50] on the determination of sin2β .
channel in which the penguin contribution either can be shown to be small, or can be
corrected for using an isospin analysis [51]. The world average, α =
(
89.0+4.4−4.2
)◦
,
is dominated by constraints from the B0→ ρ+ρ− decay [52,53], which is consistent
with having negligible penguin contribution.
3.4 The sides of the Unitarity Triangle
The lengths of the sides of the UT have also been constrained by various observ-
ables. The value of Rt depends on |Vtd |, and can be determined from b→ d transi-
tions such as the rate of B0 oscillations, i.e. ∆md , or the branching fraction B→ ργ .
In both cases, theoretical uncertainties are reduced if the measurement is performed
relative to that for the corresponding b→ s transition. The most precise constraint
to date comes from the ratio of ∆md [30, 54, 55] and ∆ms [30, 56, 57] and gives∣∣∣VtdVts ∣∣∣ = 0.211± 0.001± 0.005, where the first uncertainty is experimental and the
second theoretical (originating from lattice QCD calculations).
The value of Ru depends on |Vub| and can be determined from b→ u tree-level
transitions. Semileptonic decays allow relatively clean theoretical interpretation,10
but still require QCD calculations to go from the parton level transition to the
observed (semi-hadronic) final state (for a recent review, see Ref. [58]). Two ap-
proaches have been pursued: exclusive decays, such as B0→ pi−e+ν , and inclusive
decays, B→ Xue+ν . The theory of inclusive decays is based on the operator prod-
uct expansion (discussed in Sec. 5.7) and would be extremely clean, were it not for
10 Fully leptonic decays are even cleaner theoretically, but are experimentally scarce. Such modes
will be discussed below.
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the fact that experimentally cuts are needed to remove the more prevalent b→ c
transition. Exclusive decays tend to have less background from b→ c processes.
The differential branching fractions can be translated in constraints on |Vub| using
knowledge of form-factors at the kinematic limit obtained from lattice QCD cal-
culations, together with phenomenological models that extrapolate over the whole
phase space. The most precise results use B→ pi`+ν decays (` = e,µ) [59–61],
and give an “exclusive” determination of |Vub| that is, however, in tension with the
“inclusive” value [30]:
|Vub|excl. = [3.23× (1.00±0.05±0.08)]×10−3 ,
|Vub|incl. = [4.42× (1.000±0.045±0.034)]×10−3 .
where the first uncertainties are experimental and the second theoretical. Since the
origin of the discrepancy, which is also seen in determinations of |Vcb| from b→ c`ν
transitions, is not understood, the uncertainty is scaled to give
|Vub|avg. = [3.95× (1.000±0.096±0.099)]×10−3 .
The results on β , α , Rt and Ru are the most constraining inputs to the CKM fits
shown in Fig. 4 [37,38]. While the results are all consistent with the Standard Model
prediction of a single source of CP violation, there are some tensions that deserve
further investigation. Moreover, there are still certain important observables where
large NP contributions are possible, as will be discussed in more detail below.
4 Flavour physics at hadron colliders
Results from the B factory experiments provided enormous progress in the under-
standing of heavy flavour physics (only a very brief selection has been discussed
above). Nonetheless, many results remain statistically limited, and the B0s sector is
relatively unexplored. To progress further, it is necessary to have a copious source
of production of all flavours of b hadron. As shown in Table 2, high energy hadron
colliders satisfy these criteria, but present significant experimental challenges: to be
able to identify the decays of interest from the high multiplicity environment, and
to reject the even more copious rate of minimum bias events.11
The LHCb detector [63], shown in Fig. 6, has been designed to meet these chal-
lenges. It is in essence a forward spectrometer (covering the acceptance region that
optimises its flavour physics capability), with a dipole magnet, a precision silicon
vertex detector and strong particle identification capability. Tracks can be identi-
fied as different hadron species using information from ring-imaging Cherenkov
detectors, while calorimeters and muon detectors enable charged leptons to be dis-
tinguished and also provide trigger signals. The trigger system [64] uses these hard-
11 Experiments at e+e− machines also have to reject effectively backgrounds from QED processes,
but this can be done at trigger level with simple requirements.
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Table 2 Summary of some relevant properties for b physics in different experimental environ-
ments. Adapted from Ref. [62].
e+e−→ϒ (4S)→ BB¯ pp¯→ bb¯X pp→ bb¯X
(
√
s= 2TeV) (
√
s= 14TeV)
PEP-II, KEKB Tevatron LHC
Production cross-section 1nb ∼ 100µb ∼ 500µb
Typical bb¯ rate 10Hz ∼ 100kHz ∼ 500kHz
Pile-up 0 1.7 0.5–20
b hadron mixture B+B− (50%), B0B0 (50%) B+ (40%), B0 (40%), B0s (10%),
Λ 0b (10%), others (< 1%)
b hadron boost small (βγ ∼ 0.5) large (βγ ∼ 100)
Underlying event BB¯ pair alone Many additional particles
Production vertex Not reconstructed Reconstructed from many tracks
B0–B0 pair production Coherent (fromϒ (4S) decay) Incoherent
Flavour tagging power εD2 ∼ 30% εD2 ∼ 5%
Fig. 6 The LHCb detector [63].
ware level signals to reduce the rate from the maximum LHC bunch-crossing rate of
40MHz to the 1MHz rate at which the detector can be read out. A software trigger
then searches for inclusive signatures of b-hadron decays such as high-pT signals
and displaced vertices, and also performs reconstruction of several exclusive b and
c decay channels, in order to further reduce the rate to a level that can be written to
offline data storage (3kHz in 2011, 5kHz in 2012).
During the LHC run, the detector operated with data taking efficiency above
90%, with instantaneous luminosity around 3(4)× 1032 cm−2 s−1 recording data
samples of 1(2) fb−1 at
√
s= 7(8)TeV in 2011 (2012).12 The luminosity is less than
that delivered to ATLAS and CMS, since the experimental design requires low pile-
up, i.e. a low number of pp collisions per bunch-crossing. However, this allows the
luminosity to be “levelled” and remain at a constant value throughout the LHC fill,
12 Note that these values already exceed the LHCb design luminosity of 2×1032 cm−2 s−1.
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providing very stable data taking-conditions.13 In addition, the polarity of the dipole
magnet is reversed regularly, which enables cancellation of detector asymmetries in
various measurements.
In addition to LHCb, it must be noted that the “general purpose detectors” AT-
LAS and CMS at the LHC, and CDF and D0 at the Tevatron, have capability to
study flavour physics. For most of these experiments, their programme is, however,
restricted to decay modes triggered by high pT muons, but CDF benefited from
a two-track trigger [65] that enabled a broader range of measurements to be per-
formed.
4.1 Heavy flavour production and spectroscopy
The capabilities of the different experiments can be demonstrated from the mea-
surements of production cross-sections that have been performed by each. Most
have studied J/ψ production (e.g. Refs. [66–71]) as well as b hadron production
using decay modes involving muons or J/ψ mesons [72–77]. However, only CDF
and LHCb have been able to study prompt charm production [78, 79].14 The cross-
sections measured confirm the theoretical predictions, and enable the values for in-
tegrated luminosity to be translated into more easily comprehensible terms. For ex-
ample, with 1 fb−1 recorded at
√
s= 7TeV, and the measured bb¯ production cross-
section [77,80], it is easily shown that over 1011 bb¯ quark pairs have been produced
in the LHCb acceptance. This compares to the combined BaBar and Belle data sam-
ple of ∼ 109 BB¯ meson pairs. Consequently, for any channel where the efficiency,
including effects from reconstruction, trigger and offline selection, is not too small,
LHCb has the world’s largest data sample. This further emphasises the need for an
excellent trigger in order to perform flavour physics at hadron colliders.
Production measurements such as those mentioned above test QCD models, and
are important (and highly-cited) results. However, since they are not within the re-
mit of flavour-changing interactions of the charm and beauty quarks, they will not be
discussed further here. Nonetheless, a brief digression into studies of another aspect
of QCD, that of spectroscopy, will be worthwhile. This covers the study of properties
of hadronic states such as lifetimes, masses, decay channels and quantum numbers,
and also the discoveries of new states. Indeed, some of the most highly-cited papers
from recent flavour physics experiments relate to such topics, including the discov-
ery of the X(3872) particle by Belle [81] and of the DsJ states by BaBar [82] and
CLEO [83]. The first new particles discovered at the LHC, prior to the Higgs boson,
were hadronic states [84–86]. More recently, significant progress has been made in
understanding the nature of the X(3872) [87]. New results are eagerly anticipated
13 Similar stability was achieved at e+e− colliders by a completely different method referred to as
trickle (or continuous) injection.
14 Measurements of charm production and other processes by ALICE are not included in this
discussion. Although ALICE can study production at low luminosity, it cannot perform competitive
studies of flavour changing processes.
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in several related areas, for example to clarify the situation regarding the existence
of charged charmonium-like states, claimed by Belle [88–90] but not confirmed by
BaBar [91, 92], which would be smoking gun signatures for an exotic hadronic na-
ture.15 Recent claims of charged bottomonium-like states by Belle [95, 96] seem to
strengthen the case that such exotics can exist in nature, but one should note that
history teaches us that not all claimed states turn out to be real [97].
The topic of spectroscopy also provides a useful illustration of the importance of
triggering for flavour physics experiments at hadron colliders. In 2008, the BaBar
experiment discovered the ηb meson using the process e
+e−→ϒ (3S)→ηbγ , where
only the photon is reconstructed and the signal is inferred from a peak in the photon
energy spectrum [98]. The ηb meson is the pseudoscalar bb¯ ground state. It is the
lightest bottomonium state, so why did it take more than 30 years after the discov-
ery of the ϒ (1S) meson [99] (the lightest vector bb¯ state) to see it in experiments?
In particular, since hadron collisions produce particles with all possible quantum
numbers, why was it not observed at, e.g., the Tevatron? The answer lies in the fact
that the vector state decays to dimuons, which have a distinctive trigger signature.
The dominant decay channels of the ηb are expected to be multibody hadronic final
states, which make its observation in a hadronic environment extremely challenging.
5 Key observables in the LHC era
5.1 Direct CP violation
As mentioned above, a condition for directCP violation is
∣∣∣A¯ f¯ /A f ∣∣∣ 6= 1. In order for
this to be realised we need the amplitude to be composed of at least two parts with
different weak and strong phases. This is often realised by tree (T ) and penguin (P)
amplitudes (example diagrams are shown in Fig. 7), so that
A f = |T |ei(δT−φT )+ |P|ei(δP−φP) and A¯ f¯ = |T |ei(δT+φT )+ |P|ei(δP+φP) , (18)
where the strong (weak) phases δT,P (φT,P) keep the same (change) sign under theCP
transformation by definition. The CP asymmetry is defined from the rate difference
between the particle involving the quark (D or B¯) and that containing the antiquark
(D¯ or B). Using the definition for B decays, we trivially find
ACP =
∣∣∣A¯ f¯ ∣∣∣2− ∣∣A f ∣∣2∣∣∣A¯ f¯ ∣∣∣2+ ∣∣A f ∣∣2 =
2 |T | |P|sin(δT −δP)sin(φT −φP)
|T |2+ |P|2+2 |T | |P|cos(δT −δP)cos(φT −φP)
. (19)
Therefore, for large directCP violation effects to occur, we need |P/T |, sin(δT −δP)
and sin(φT −φP) to all be O(1).
15 New claims of charged charmonium-like states have recently been made [93, 94].
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Fig. 7 SM (left) tree and (right) penguin diagrams for the decays B0→ K+pi−.
Charmless B decays, i.e. decays of B mesons to final states that do not con-
tain charm quarks, provide good possibilities for the observation of direct CP vi-
olation, since many decays have both tree and penguin contributions with simi-
lar levels of CKM suppression. These are of interest to search for NP, since the
penguin loop diagrams are sensitive to potential contributions from new parti-
cles. An excellent example is B0 → K+pi−, which provided the first observation
of direct CP violation outside the kaon sector, and has a world average value of
ACP(B
0 → K+pi−) = −0.086± 0.007 [30, 100–103]. Curiously, the CP violation
effect observed in B+ → K+pi0 decays is rather different: ACP(B+ → K+pi0) =
0.040±0.021 [30,100,101], although naı¨vely changing the spectator quark in Fig. 7
suggests that similar values should be expected. This is referred to as the “Kpi puz-
zle”, and could in principle be a hint for NP, though the more mundane explanation
of larger than expected QCD corrections cannot be ruled out at present. Several
methods are available to test the QCD explanations, which motivate improved mea-
surements of other Kpi modes (in particular, of ACP(B
0→ K0S pi0)), of similar decay
modes with three-body final states (Kρ,K∗pi), and of charmless two-body B0s de-
cays. On this last topic, following pioneering work by CDF [103, 104], LHCb has
recently reported both the first decay time-dependent analysis of B0s → K+K− [105]
and the first observation ofCP violation in B0s →K−pi+ decays [106], which demon-
strate good prospects for progress in the coming years.
With regard to three-body decays, it is worth noting that despite hundreds of mea-
surents by the B factories, the significance of the world average in any other charm-
less B+ or B0 decay mode does not exceed 5σ , though channels such as B+→ ηK+
and B+ → ρ0K+ approach this level. However, very recently, LHCb has demon-
strated that large CP violation effects occur in specific regions of the phase space of
three-body charmless decays such as B+ → K+pi+pi− [107–109]. Further study is
necessary to quantify the effect and identify its origin.
5.2 The UT angle γ from B→ DK decays
The angle γ of the CKM Unitarity Triangle is unique in that it is the only CP-
violating parameter that can be measured using only tree-level decays. This makes it
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a benchmark Standard Model reference point. Improving the precision with which
γ is known is one of the primary goals of contemporary flavour physics, and this
will only become more important after NP is discovered, since it will be essential to
disentangle SM and NP contributions to CP-violating observables.
The phase γ can be determined exploiting the fact that in decays of the type
B→ DK, the b→ cu¯s and b→ uc¯s amplitudes can interfere if the neutral charmed
meson is reconstructed in a final state that is accessible to both D0 and D0 decays.
There are many possible such final states, with various experimental advantages and
disadvantages. These includeCP eigenstates, doubly- or singly-Cabibbo-suppressed
decays and multibody final states. Moreover, decays of different b hadrons can all be
used to provide constraints on γ . Two particularly interesting approaches are to study
decay time-dependent asymmetries of B0s → D∓s K± decays [110] and to study the
Dalitz plot (i.e. phase-space) dependent asymmetries in B0→DK+pi− decays [111,
112]. First results from LHCb show promising potential for these decays [113,114].
All such measurements will help to improve the overall precision in a combined fit.
K−)
D0K−)
0
γ
γ
δ
δ
(B− DCP2A
(B−
(B− D K−)
A
A
Fig. 8 Illustration of the concept behind the determination of γ using B±→ DK± decays. For B−
decays the amplitudes add with relative phase δ − γ , while for B+ the relative phase is δ + γ . Here
the simplest case with D decays to CP eigenstates (such as K+K−) is shown, but the method can
be extended to any final state accessible to both D0 and D0 decays.
The basic concept behind the method is illustrated in Fig. 8 for B− → DCPK−
decays. It must be emphasised that due to the absence of loop contributions to the
decay it is extremely clean theoretically [115]. This, and the abundance of differ-
ent final states accessible, means that all parameters can be determined from data.
The relevant parameters are the weak phase γ , an associated strong (CP conserving)
phase difference between the b→ cu¯s and b→ uc¯s decay amplitudes, labelled δB,
and the ratio of their magnitudes, rB. The small value of rB(B
− → DK−) ∼ 10%
means that large event samples are necessary to obtain good constraints on γ ,
and only recently has the first 5σ observation of CP violation in B → DK de-
cays been achieved [116]. Larger values of rB are expected in B
0 → DK∗0 and
B0s → D∓s K± decays, but until now the samples available in these channels have
not been been sufficient to give meaningful constraints on γ . The available measure-
ments use B(∗)−→D(∗)K(∗)− decays, with the latest combinations from each exper-
iment giving (BaBar) γ = (69+17−16)
◦ [117], (Belle) γ = (68+15−14)
◦ [118] and (LHCb)
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γ = (71+15−16)
◦ [119]. Significant progress in this area is anticipated from LHCb in
the coming years.16
5.3 Mixing and CP violation in the B0s system
A complete analysis of the time-dependent decay rates of neutral B mesons must
also take into account the lifetime difference between the eigenstates of the effective
Hamiltonian, denoted by ∆Γ . This is particularly important in the B0s system, since
the value of ∆Γs is non-negligible. Neglecting CP violation in mixing, the relevant
replacements for Eq. (15) are [122]
Γ (B0s phys→ f (t)) =N e
−t/τ(B0s )
4τ(B0s )
[
cosh(∆Γ t2 )+
S f sin(∆mt)−C f cos(∆mt)+A∆Γf sinh(∆Γ t2 )
]
,
Γ (B0s phys→ f (t)) =N e
−t/τ(B0s )
4τ(B0s )
[
cosh(∆Γ t2 )−
S f sin(∆mt)+C f cos(∆mt)+A
∆Γ
f sinh(
∆Γ t
2 )
]
.
(20)
whereN is a normalisation factor and
A∆Γf =−
2Re(λ f )
1+ |λ f |2
. (21)
Note that, by definition, (
S f
)2
+
(
C f
)2
+
(
A∆Γf
)2
= 1 . (22)
Also A∆Γf is a CP-conserving parameter, unlike S f and C f (since it appears with the
same sign in equations for both B0s and B
0
s states). Nonetheless, it provides sensitivity
to arg(λ f ), which means that interesting results can be obtained from untagged time-
dependent analyses (a.k.a. effective lifetime measurements [123]).
The formalism of Eq. (20) is usually invoked for the determination of the CP
violation phase in B0s oscillations, φs = −2βs, using B0s → J/ψ φ decays. However,
in that case things are complicated even further by the fact that the final state, con-
taining two vector particles, is an admixture of CP-even and CP-odd which must be
disentangled by angular analysis.17 Moreover, there is a potential contribution from
S-wave K+K− pairs within the φ mass window used in the analysis. However, all
of these features can be turned to the benefit of the analysis, providing better sen-
sitivity and allowing to resolve an ambiguity in the results [125]. A compilation of
16 Updates using more data have already started to appear from LHCb [120, 121].
17 A somewhat more straightforward analysis can be done with the B0s → J/ψ f0(980) decay [124].
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the latest results is shown in Fig. 9.18 Although great progress has been made over
the last few years, the experimental precision does not yet challenge the theoretical
uncertainty, and so further updates are of great interest.
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Fig. 9 Compilation of the latest results [30] in the φs vs. ∆Γs plane from LHCb [128], CDF [129],
D0 [130] and ATLAS [131].
5.4 Mixing-induced CP violation in hadronic b→ s penguin decay
modes
As discussed in Sec. 5.1, decay modes mediated by penguin diagrams are poten-
tially sensitive to NP effects, although it is a considerable challenge to disentangle
QCD effects. One useful approach is to study mixing-induced CP violation effects
in channels that are dominated by the penguin transition, so that little or no tree
(or other) contribution is expected. Such channels include B0→ φK0S , B0→ η ′K0S ,
B0 → K0SK0SK0S , B0s → φφ and B0s → K∗0K∗0.19 For the B0 decays, the formalism
is the same as given in Eq. (15), and the parameters are expected in the SM to
be given, to good approximations, by C f ≈ 0, S f ≈ sin(2β ) (up to a sign, given
by the CP eigenvalue of the final state). These channels have been studied exten-
sively by BaBar and Belle: early results provided hints for discrepancies with the
SM predictions, but the significance of the deviation diminshed with improved re-
sults [132–136]. For the B0s decays, the formalism is as given in Eq. (20) (though
with modifications due to the vector-vector final states), and the SM expectation is
18 Very recent LHCb [126] and ATLAS [127] updates are not included.
19 The decay B0→K0S pi0 is also of great interest since the tree contribution can be controlled using
isospin relations to other B→ Kpi decays.
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thatCP violation effects vanish, to a good approximation, since the very small phase
in the b→ s decay cancels that in the B0s–B0s oscillations. First results have been re-
ported by LHCb [137–139], and will reach a very interesting level of sensitivity as
more data is accumulated.
5.5 Charm mixing and CP violation
In the charm system the mixing parameters x = ∆m/Γ and y = ∆Γ /(2Γ ) are both
small, x,y  1. Therefore, a Taylor expansion can be performed on the generic
expression of Eq. (20) to give
Γ (D0 phys→ f (t)) = N e
−t/τ(D0)
4τ(D0)
[
1−C f +
(
S f x+A
∆Γ
f y
)
Γ t
]
,
Γ (D0 phys→ f (t)) = N e
−t/τ(D0)
4τ(D0)
[
1+C f −
(
S f x−A∆Γf y
)
Γ t
]
.
(23)
Hence an untagged analysis of D0→ K+K− can measure A∆Γf y (also known as
yCP), while a tagged analysis can additionally probe S f x. Since the mixing param-
eters are small, the focus until now has been to establish definitively oscillation
effects, but in the coming years the main objective will be to observe or limit CP
violation in the charm system, which is expected to be very small in the SM. Note
that in case the source of D0 mesons is either from D∗+ decays or semileptonic b-
hadron decays, the flavour tagging is very effectively achieved from the charge of
the associated pion or lepton, respectively. Many other final states can be used to
gain additional sensitivity to charm mixing and CP violation parameters, a recent
example being the observation of charm mixing at LHCb using D0 → K+pi− de-
cays [140]. The result of this analysis, and the world average constraints on the x
and y parameters in the D0 system,20 are shown in Fig. 10.
Direct CP violation in the charm system can also be used to test the SM. One
interesting recent result has been the measurement of ∆ACP, which is the difference
between the directCP violation parameters of D0→K+K− and D0→ pi+pi− decays.
By measuring the difference, a cancellation of production and detection asymme-
tries can be exploited, while the physical CP asymmetry may be enhanced.21 This
method was first used by LHCb [141] and then by CDF [142] and Belle [143], all
indicating a larger than expected effect. This prompted a great deal of theoretical
activity, summarised in Ref. [144], with the conclusion that a SM origin of the CP
violation, although unlikely, was not ruled out. Many further studies were proposed
to test both SM and NP hypotheses, and these remain of great interest and will
20 Note that in Fig. 10, the definition of the x and y parameters in the charm system is different
from that in Sec. 2.2 – in this definition the CP violating phase in D0 oscillations is assumed to be
small, and x can be either positive or negative.
21 The CP asymmetries in D0 → K+K− and D0 → pi+pi− decays are expected to be of opposite
sign due to U-spin symmetry.
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Fig. 10 (Left) Decay-time evolution of the ratio, R, of D0→K+pi− to D0→K−pi+ yields (points)
with the projection of the mixing allowed (solid line) and no-mixing (dashed line) fits overlaid,
from Ref. [140]; (Right) World average constraints on the x and y parameters in the D0 system [30].
be pursued. However, the most recent results by LHCb [145, 146] suggest that the
central value is smaller than previous thought, and therefore the SM explanation
becomes harder to rule out.
5.6 Photon polarisation in radiative B decays
The b → sγ transition is an archetypal flavour-changing neutral-current (FCNC)
transition, and has been considered a sensitive probe for NP since the first mea-
surements of its rate [147, 148]. The latest results for the inclusive branching frac-
tion [30] are consistent with the SM prediction [149]
B (B→ Xsγ)expEγ>1.7GeV = (3.43±0.21±0.07)×10
−4 , (24)
B (B→ Xsγ)thEγ>1.7GeV = (3.15±0.23)×10
−4 . (25)
However, additional observables, such asCP and isospin asymmetries provide com-
plementary sensitivity and still have experimental uncertainties much larger than
those of the theoretical predictions of their values in the SM.
One particularly interesting observable is the polarisation of the emitted photon
in b→ sγ decays, since the V −A structure of the SM weak interaction results in a
high degree of polarisation, that is not necessarily reproduced in extended models.
Until now, the most promising approach to probe the polarisation has been from
time-dependent asymmetry measurements of B0 → K0S pi0γ [150, 151] but the most
recent measurements [152, 153] still have large uncertainties. LHCb can use sev-
eral different methods to study photon polarisation in b→ sγ transitions, such as
measuring the effective lifetime in B0s → φγ decays [154]. Although all such mea-
surements are highly challenging, the observed yields in B0s → φγ [155] and other
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related channels such as B0→ K∗0e+e− [156] suggest there are good prospects for
significant progress in the coming years.
5.7 Angular observables in B0→ K∗0µ+µ− decays
The b→ sl+l− FCNC transitions offer similar, but complementary, sensitivity to NP
as b→ sγ , but are experimentally more convenient to study, in particular when the
lepton pair is muonic, i.e. l+l− = µ+µ−. The multi-body final state provides access
to a wide range of kinematic observables, several of which have clean theoretical
predictions (especially at low values of the dilepton invariant mass squared, q2).
This makes these decays a superb laboratory for NP tests.
The theoretical framework for these (and other) processes is the operator product
expansion. This is an effective theory, applicable for b physics, which describes the
weak interactions of the SM by integrating out the heavier (W , Z, t) fields. As such it
can be considered a modern version of the Fermi theory of beta decay. Conceptually,
it can be expressed as
L(full EW×QCD) −→Leff =LQED×QCD
(
quarks 6= t
leptons
)
+ΣnCnOn , (26)
whereOn represent the local interaction terms, andCn are coupling constants that are
referred to as Wilson coefficients.22 The Wilson coefficients encode information on
the weak scale, and are calculable and known in the SM (at least to leading order).
Moreover, they are affected by NP, so comparing the measured values with their
expectations provides tests of the SM. A more detailed description of the operator
product expansion can be found in, e.g. Ref. [157].
For the purposes of discussing b→ sl+l− decays, the Wilson coefficients of in-
terest are C7 (which also affects b→ sγ), C9 and C10. The differential decay distri-
bution, for the inclusive process, can be written [158]
d2Γ
dq2 d cosθl
=
3
8
[
(1+ cos2 θl)HT (q
2)+2cosθlHA(q
2)+2(1− cos2 θl)HL(q2)
]
(27)
where θl is the angle between the momentum vectors of the positively charged lep-
ton and the opposite of the decaying b hadron in the dilepton rest frame.23 The
coefficients are given by
22 As written here the Cn include the Fermi coupling and the CKM matrix elements, but usually
these terms are factored out.
23 The full decay distribution for B0→ K∗0µ+µ− and other B→Vl+l− (V = ρ,ω,K∗,φ ) decays
includes two other angles: the decay angle of the vector meson (usually denoted θV ) and the angle
between the two decay planes (usually denoted φ ).
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HT (q
2) ∝ 2q2
(C9+2C7m2b
q2
)2
+C210

HA(q
2) ∝ −4q2C10
(
C9+2C7
m2b
q2
)
(28)
HL(q
2) ∝
[
(C9+2C7)
2+C210
]
.
Note that the term involving HA depends linearly on cosθl and hence gives rise to
a q2-dependent forward backward asymmetry, AFB. The shape of AFB, in particular
the value of q2 at which it crosses zero, can be predicted with low uncertainty in the
SM. The expressions for exclusive processes, such as B0→ K∗0µ+µ−, are concep-
tually similar to those of Eqs. (27) and (28), but are more complicated as they also
involve hadronic form factors. On the other hand, exclusive channnels also provide
additional observables that can be studied (such as the longitudinal polarisation of
the K∗0 meson, FL), some of which can be precisely predicted in the SM, and are
sensitive to NP contributions.
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Fig. 11 (Left) Differential branching fraction and (right) AFB of B
0→ K∗0µ+µ− decays in bins of
q2 as measured by LHCb [159].
The decay rates and angular distributions of B0 → K∗0µ+µ− decays have been
studied by many experiments, with the most precise results to date, from LHCb [159],
shown in Fig. 11. This analysis provides the first measurement of the AFB zero cross-
ing point, q20 = 4.9± 0.9GeV2/c4, consistent with the SM prediction. Significant
progress, including improved measurements of other NP-sensitive angular observ-
ables, can be expected in the coming years.
5.8 The very rare decay B0s → µ+µ−
The “killer app.” for flavour physics as a tool to probe for (and potentially discover)
NP is the very rare decay B0s → µ+µ−. The branching fraction is highly suppressed
in the SM due to a combination of three factors, none of which are necessarily re-
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produced in extended models: (i) the absence of tree-level FCNC transitions; (ii) the
V −A structure of the weak interaction that results in helicity suppression of purely
leptonic decays of flavoured pseudoscalar mesons; (iii) the hierarchy of the CKM
matrix elements. In particular, in the minimally supersymmetric extension of the
SM, the presence of a pseudoscalar Higgs particle alleviates the helicity suppres-
sion and enhances the branching fraction by a factor proportional to tan6β/M4A0 ,
where tanβ is the ratio of Higgs’ vacuum expectation values, and MA0 is the pseu-
doscalar Higgs mass. Therefore, in the region of phase-space where tanβ is not too
small, and MA0 is not too large, the decay rate can be significantly enhanced above
its SM expectation [160],24
B
(
B0s → µ+µ−
)SM
= (3.2±0.3)×10−9 . (29)
Due to the very clean signature of this decay, it has been studied by essentially
all high-energy hadron collider experiments. The crucial components to obtain good
sensitivity are high luminosity, a large B production cross-section within the accep-
tance, and good vertex and mass resolution to reject the background. Although AT-
LAS [162] and CMS [163] have collected more luminosity, at present the strengths
of the LHCb detector have allowed it to obtain the most precise results for this mode.
Following a series of increasingly restrictive upper limits [164–166], LHCb has re-
cently obtained the first evidence, with 3.5σ significance, for the decay [167], as
shown in Fig. 12. The branching fraction is measured to be
B
(
B0s → µ+µ−
)
=
(
3.2+1.4−1.2(stat)
+0.5
−0.3(syst)
)
×10−9 , (30)
in agreement with the SM prediction.
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Fig. 12 Invariant mass distribution of selected B0s → µ+µ− candidates, with fit result over-
laid [167].
24 Note that, due to the non-zero value of the decay width difference in the B0s system, this value
needs to be corrected upwards by ∼ 9% to obtain the experimentally measured (i.e., decay time
integrated) quantity [161].
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Further updates of this measurement are keenly anticipated, and are likely to
appear at regular intervals throughout the lifetime of the LHC. It is worth noting that
even in case the B0s → µ+µ− branching fraction remains consistent with the SM,
the decay provides an additional handle on NP through its effective lifetime [168].
Moreover, it will be important to study also the even more suppressed B0→ µ+µ−
decay, since the ratio of the B0 and B0s branching fractions is a benchmark test of
MFV.
6 Future flavour physics experiments
As stressed in the previous sections, the first results from the LHC have already
provided dramatic advances in flavour physics, and significant further progress is
anticipated in the coming years. However, the instantaneous luminosity of LHCb
is limited due to the fact that its subdetectors are read out at 1MHz. As shown in
Fig. 13 (left), increasing the luminosity requires tightening of the hardware trigger
thresholds in order not to exceed this limit. This then results in lower efficiencies,
especially for decay channels triggered by the calorimeter (i.e., channels without
muons in the final state), so that there is no net gain in yield. Therefore, after several
years of operation at the optimal instantaneous luminosity at
√
s = 13 or 14TeV,25
the time required to double the accumulated statistics becomes excessively long.
Fig. 13 (Left) Scaling of yields with instantaneous in certain decay channels at LHCb [169], show-
ing the limitation caused by the 1MHz readout. Note that during 2012 LHCb operated at an instan-
taneous luminosity of 4× 1032 cm−2 s−1. (Right) Illustration of the key components of the LHCb
subdetector upgrades.
As should be clear from the discussions above, it remains of great importance to
pursue a wide range of flavour physics measurements and improve their precision
to the level of the theoretical uncertainty, and therefore it is of clear interest to get
25 Note that heavy flavour cross-sections increase with
√
s, so a significant boost in yields is
expected when moving to higher energies.
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past the 1MHz readout limitation. The concept of the LHCb upgrade [169, 170] is
to read out the full detector at 40MHz (which corresponds to the maximum bunch
crossing rate, with 25ns spacing) and implement the trigger fully in software. This
will allow the experiment to run at higher luminosities, up to 1 or 2×1033 cm−2 s−1,
and will also significantly improve the efficiency for modes currently triggered by
calorimeter signals at the hardware level. The accumulated samples in most key
modes will increase by around two orders of magnitude compared to what was col-
lected in 2011. Moreover, with a flexible trigger scheme, the capability to search for
other signatures of NP will be enhanced, so that the upgraded experiment can be
considered a general purpose detector in the forward region. The LHCb upgrade is
planned to occur during the second long shutdown of the LHC, in 2018. Since its
target luminosity is still below that which can be delivered by the LHC, it does not
depend (though it is consistent with) the HL-LHC machine upgrade.
There are several other flavour physics experiments that will be coming online
on a similar same timescale. The KEKB accelerator and Belle experiment are be-
ing upgraded [171], in order to allow luminosities almost two orders of magnitude
larger than has previously been achieved. Compared to the LHCb upgrade, the e+e−
environment is advantageous for decay modes with missing energy and for inclu-
sive measurements. Some of the key channels for Belle2 are lepton flavour violating
decays of τ leptons, mixing-induced CP asymmetries in decays such as B0→ φK0S
and B0 → η ′K0S , and the leptonic decay B+ → τ+ν (which can be considered a
counterpart of B0s → µ+µ−, and is sensitive to the exchange of charged Higgs par-
ticles) [1, 172].
In addition, the NA62 [173] and K0T0 [174] experiments will search for the
K+→ pi+νν and K0L → pi0νν decays, respectively. Long considered the “holy grail”
of kaon physics these decays are highly suppressed in the SM and have clean the-
oretical predictions. The new generation of experiments should be able to observe
these channels for the first time, if they occur at around the SM rate.
7 Conclusion
Flavour physics continues to present many mysteries, and these demand continued
experimental and theoretical investigation. Heavy flavour physics is complementary
to other sectors of the global particle physics programme such as the high-pT exper-
iments at the LHC, and neutrino oscillation and low energy precision experiments.
The prospects are good for significant progress in the coming few years and, with
upgraded experiments planned to come online in the second half of this decade,
beyond.
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